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Introduction

Tumorigenesis is a multistage process involving multi-
ple genetic aberrations (Fearon and Vogelstein, 1990).
These aberrations may include mutations in cellular
proto-oncogenes that constitutively activate a growth
signal transduction pathway, inactivation of tumor
suppressor genes, and inactivation of genes that
promote cell death. Other mutations provide an
indirect growth advantage by compromising the
genetic stability of the cell, increasing the occurrence
of subsequent genetic lesions (Tlsty et al., 1995). Each
successive mutation may then enhance the tumorigenic
potential of the cell (Nowell, 1976). Advances in
transgenic and knockout technologies make it possible
to genetically engineer mice to mimic the individual
steps in this process in order to better understand
events contributing to cancer progression at the
molecular level. Speci®cally, mouse models prone to
genetic instability have been generated that may be
useful to screen for early molecular events involved in
carcinogenesis.

p53 is the most commonly mutated gene in human
cancers, with approximately 40% of tumors displaying
some alteration in p53 (Osborne et al., 1991). Unlike
deletion or nonsense mutations observed in other
tumor-suppressor genes, most p53 alterations are
missense mutations resulting in the expression of a
functionally altered protein (Hainaut et al., 1997).
Wild-type p53 has been called the `guardian of the
genome,' as p53 responds to DNA damage or
checkpoint failure by either arresting the cell in the
G1 phase of the cell cycle for damage repair or through
the initiation of an apoptotic pathway to eliminate the
damaged cell entirely (Lane, 1992). Wild-type p53 is
particularly critical for the maintenance of genomic
stability; aberrant ploidy, gene ampli®cation, increased
recombination, and centrosomal dysregulation have
been observed in cells lacking p53 (Donehower, 1997).
Mutations in p53 may result not only in a loss of wild-
type function, but also in the generation of dominant-

negative and gain-of-function mutants (e.g., Dittmer et
al. (1993)).

Speci®c p53 mutations, including those at codon
175, have been associated with a poor prognosis in
breast cancer patients, and also with primary resistance
to chemotherapy (Aas et al., 1996). This is one of ®ve
`hotspot' codons present in the sequence-speci®c DNA
binding domain of p53 that represent *20% of all p53
mutations reported (Hainaut et al., 1997). Class II
mutations, such as those at codon 175, a�ect residues
crucial for maintenance of the correct orientation of
the DNA-binding surface of non-contiguous loops and
helices (Cho et al., 1994). Amino acid 175 is not
located within the regions of the p53 protein that
directly contact DNA, as are most of the other
commonly mutated residues. The arginine side chain
participates in bonds bridging loops 2 and 3 of the
protein (Cho et al., 1994), and several lines of evidence
suggest that the protein is at least partially unfolded as
a result of the side chain substitution (Cho et al., 1994).
The 175 R-H mutant human p53 protein is incapable
of binding a consensus p53 DNA-binding site (Kern et
al., 1991, 1992; Ory et al., 1994). The unique properties
of certain p53 mutants may re¯ect their selective
activation of speci®c DNA targets (Dittmer et al.,
1993; Thukral et al., 1995) and/or participation in
novel protein-protein interactions (Chen et al., 1994).

The development of both p53 knockout and p53
mutant transgenic mice has greatly facilitated studies of
the role of p53 in carcinogenesis and tumor progression
(Donehower, 1996). By crossing p53 null mice with
lines of transgenic mice overexpressing speci®c
oncogenes it has been possible to gain new insights
into the mechanisms by which di�erent signal
transduction pathways interact with p53 to a�ect
tumorigenesis (e.g., Donehower et al. (1995)). How-
ever, p53 knockout mice have some limitations for
experiments designed to determine the role of p53 in
mammary tumorigenesis, as these mice frequently die
from lymphomas and sarcomas prior to mammary
tumor development (Donehower et al., 1992). Conse-
quently, mice containing a mutant p53 transgene
targeted speci®cally to the mammary gland have been
generated for these studies. The 175 R-H mutation is
the second most-frequent p53 mutation observed in
breast cancer, accounting for approximately 6% of
those reported to date (Hainaut et al., 1997). In order
to study the role of the murine-equivalent 172 R-H
mutant p53 protein in mammary tumorigenesis, a
genomic minigene construct containing this mutation
(Li et al., 1998) was targeted speci®cally to the
mammary gland of transgenic mice using the whey
acidic protein (WAP) promoter (Bayna and Rosen,
1990).*Correspondence: JM Rosen
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The WAP-p53 172 R-H transgenic model

The 172 R-H transgenic mice exhibit a negligible level
of spontaneous tumorigenesis (Li et al., 1997, 1998).
Transgene expression alone does not alter normal
mammary development at the gross histological level,
and as assessed through the analysis of apoptosis
during involution and proliferation during pregnancy
(Li et al., 1998). The mutant protein also does not alter
the expression levels of p21, MDM2, proliferative cell
nuclear antigen (PCNA), or several other genes known
to be regulated directly by wild-type p53 at the
transcriptional level (Li et al., 1998). To determine
whether the presence of the transgene predisposed
these mice to mammary tumorigenesis, they were given
pituitary isografts to stimulate transgene expression
(Medina, 1974) and treated with the carcinogen,
dimethylbenz(a)anthracene (DMBA). Tumors arising
in carcinogen-treated nontransgenic (FVB) and trans-
genic mice were analysed to determine the mechanisms
by which this mutant p53 might promote tumorigenesis
in the mammary gland.

Carcinogen susceptibility and tumor analysis

The 172 R-H transgenic mice developed tumors
signi®cantly more rapidly than controls, and exhibited
a greater tumor burden (Li et al., 1998). One hundred
per cent of transgenic mice developed tumors by week
28 post-DMBA treatment, while only 85% of FVB
nontransgenic mice developed tumors by week 45 (Li et
al., 1998).

Apoptosis and cell proliferation in tumors from
transgenic and nontransgenic mice were compared, but
no signi®cant di�erences were found (Li et al., 1998).
Loss of p53 function has been shown in the choroid
plexus to in¯uence tumorigenesis primarily through the
inhibition of apoptosis (Symonds et al., 1994), but this
does not appear to be the case in the mammary gland
(Jones et al., 1997). However, tumor cell nuclei from
the transgenic mice (Figure 1a) were in most cases
larger and more pleomorphic than those from tumors
arising in nontransgenic mice. Since p53 loss (Cross et
al., 1995; Fukasawa et al., 1996) or mutation (e.g., Liu
et al. (1996)) has been shown to result in genomic
instability, the DNA content of populations of tumor
cells from transgenic and nontransgenic mice was
assessed by ¯ow cytometry. Aberrant ploidy was more
often seen in carcinogen-induced tumors from trans-
genic animals (Figure 1b) than in carcinogen-induced
tumors from control animals (Li et al., 1998).

Bitransgenic model systems

Mice carrying the 172 R-H transgene have also been
crossed in separate experiments with mice overexpres-
sing MMTV-neu (erb-B2) (Li et al., 1997), WAP-des-
IGF-1 (Hadsell et al., 1999), or WAP-TGF-a (K
Murphy and J Rosen, 1999, unpublished results). Co-
expression of MMTV-neu or WAP-des-IGF-1 with
WAP-p53 172 R-H signi®cantly decreased tumor
latency relative to that seen with the oncogene alone
(Hadsell et al., 1999; Li et al., 1997). In the WAP-
TGF-a cross, both the bitransgenic and single
transgenic TGF-a mice developed tumors with a mean
latency of approximately 100 days (Figure 2), and

because of this short latency no signi®cant di�erence
between the two groups was observed. Mammary
tumors from mice expressing the p53 172 R-H
transgene in conjunction with any of these growth
factors or receptors were frequently aneuploid (Figure
1f), as assessed by ¯ow cytometry, but tumors from
mice expressing only the neu, des-IGF-1, or TGF-a
transgene were not (Figure 1d). Tumors from
bitransgenic mice also contained large irregular nuclei
(Figure 1e) similar to those seen in tumors from the
DMBA-treated transgenic mice (Hadsell et al., 2000,
submitted; Li et al., 1997; and K Murphy and J Rosen,
1999, unpublished results).

These results suggest that the p53 172 R-H transgene
predisposes female mice to the development of
aneuploid mammary tumors once some other initiating
event (i.e., oncogene co-expression in the mammary
gland or carcinogen treatment) has taken place. Since
the expression of the p53 172 R-H transgene alone
resulted in very few spontaneous tumors in mice less
than a year old (Hadsell et al., 2000, submitted; Li et
al., 1997, 1998), while accelerating tumorigenesis caused
by both carcinogen treatment and oncogene expression,
this appears to be an excellent model system in which to
study early events in mammary tumorigenesis. Further-
more, although most advanced-stage human breast
cancers are aneuploid, mammary tumors generated in
most mouse model systems to date have been uniformly
diploid, which limits the utility of these models. This is
one of the few model systems that consistently
generates aneuploid tumors similar to grade 3, high S
phase, hormone-independent human breast cancers.
Patients with these types of tumors usually have the
poorest prognosis. Other model systems generating
aneuploid mammary tumors include p53-de®cient
mammary gland (Jerry, this volume), p53-de®cient
Wnt-1 transgenic mice, which develop tumors exhibit-
ing recurring changes on several chromosomes
(Donehower et al., 1995), MMTV-neu mice, which
frequently develop mammary tumors exhibiting loss of
heterozygosity on chromosome 4 (Ritland et al., 1997),
C3-driven SV40 Tag transgenic mice, which develop
mammary tumors consistently showing DNA gains on
chromosome 6, and WAP-Str1 (stromelysin-1) mice,
which develop mammary lesions containing consistent
genomic changes (Sternlicht et al., 1999).

Interestingly, although the WAP-TGF-a transgene is
a potent mammary oncogene (expression results in
short mammary tumor latency), when these mice are
crossed with mice carrying another codon 172 p53
mutant generated in our laboratory, WAP-p53 172 R-
L (Figure 2), mammary tumorigenesis is almost
completely prevented (K Murphy and J Rosen, 1999,
unpublished observations). When the p53 172 R-L
mice and control nontransgenics were treated with the
carcinogen DMBA, mammary tumorigenesis was
delayed in the transgenic mice because of high levels
of mammary epithelial cell apoptosis (*20%) induced
by this transgene, which retains many properties of
wild-type p53 (Li et al., 1995). Presumably the p53 172
R-L transgene is blocking tumorigenesis in the WAP-
p53 172 R-L/WAP-TGF-a bitransgenic mice by a
similar mechanism. The di�erence in tumorigenic
properties between the 172 R-H and 172 R-L p53
mutants is striking, given that they occur at the same
codon and are both found in human breast tumors.
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p53 172 R-H as a gain-of-function mutant

The 172 R-H p53 protein is a dominant-negative
mutant in that it can interact with wild-type p53, but is
no longer capable of speci®c DNA binding (Kern et
al., 1991, 1992; Ory et al., 1994). This mutant,
therefore, loses many of the direct transcriptional
regulatory capabilities of wild-type p53. However, it
appears to confer novel functions, indicating that it is a
gain-of-function mutant. For example, it is capable of
stimulating expression of MDR-CAT (a human multi-
drug resistance {MDR}-1 gene promoter-CAT con-
struct) in p53-null cells, in a manner reversible by co-
transfection of wild-type p53 (Chin et al., 1992). When
the 175 R-H mutant was transfected into p53-null
Saos-2 cells, it conferred a growth advantage. Injection

of a cell line expressing this mutant p53 protein into
nude mice resulted in tumorigenesis, which was not
seen with the parental p53-null cells (Dittmer et al.,
1993). This mutant protein was also able to cooperate
in co-transfection experiments with activated H-ras in
the transformation of rat embryo ®broblasts (Hinds et
al., 1990). Furthermore, cells containing this p53
mutation exhibit a dominant gain-of-function defect
in spindle (G2/M) checkpoint control. When incubated
with colcemid, a spindle assembly inhibitor, cells
containing wild-type p53 arrest with 4n DNA
content, but cells containing this p53 mutant can re-
enter S phase and subsequently become polyploid
(Gualberto et al., 1998). p53 has been implicated in
the regulation of the G2/M spindle checkpoint and
mitosis (Cross et al., 1995; Fukasawa et al., 1996;

Figure 1 Histology and ploidy analysis of transgenic mouse tumors. (a), (c) and (e) Hematoxylin-and-eosin stained sections of tumors
arising in representative WAP-p53 172 R-H (spontaneous), WAP-TGF-a, and WAP p53 172 R-H/WAP-TGF-a bitransgenic mice
respectively, while (b), (d) and (f) represent ¯ow cytometric analyses of the same tumors. The white arrowheads in (a) and (e) indicate
representative large irregular nuclei, while the arrowheads in (c) point to normal-sized nuclei for comparison. The yellow peaks in (b) and
(f) indicate the presence of aneuploid populations of cells in the WAP-p53 172 R-H and WAP-p53 172 R-H/WAP-TGF-a tumors
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Gualberto et al., 1998; Paulovich et al., 1997; Stewart
et al., 1995), with particularly striking e�ects upon
centrosomal duplication (Fukasawa et al., 1996).

Primary skin tumors from mice bearing a skin-
targeted p53 172 R-H mutation (murine amino acid
172 is equivalent to human 175) display a much greater
degree of aberrant centrosomal duplication than do
tumors from p53-null mice (Wang et al., 1998).
Centrosomal ampli®cation is implicated in at least
two processes that adversely a�ect prognosis in cancer
patients: (1) loss of cell polarity and tissue organiza-
tion, and (2) an increased occurrence of multipolar
mitoses, which predisposes to the development of
aneuploidy, as it promotes unequal division of genetic
material (Lingle et al., 1998). A recent study found that
centrosomes in high-grade breast adenocarcinoma cells
are larger and more numerous and contain more
centrioles and pericentriolar material than do normal
breast specimens. They are also inappropriately
phosphorylated, and nucleate abnormally large num-
bers of microtubules (Lingle et al., 1998).

Approximately 50% of mammary tumors arising in
the WAP-172 R-H/WAP-TGF-a bitransgenics in our
experiments were aneuploid, while aberrant ploidy was
not seen in any of the tumors arising in similarly
treated WAP-TGF-a single transgenic females. As both
p53 loss and p53 mutation have been associated with
centrosome dysregulation and aneuploidy, centrosome
numbers in thick frozen sections from both groups of
mammary tumors were assessed by confocal micro-
scopy using standard (¯uorescent) immunohistochem-
ical techniques. Surprisingly, neither group of tumors
demonstrated centrosome abnormalities above back-
ground levels (with `background' de®ned as 410% by
BR Brinkley, personal communication), despite the
di�erences in tumor ploidy (K Murphy, BS Kolle, T

Goepfert, J Zhong, BR Brinkley and J Rosen, 1999,
unpublished observations).

In order to eliminate the possibility that centrosome
dysregulation was occurring in the bitransgenic females
in early stages of mammary tumorigenesis (i.e., before
frank tumors were discovered) and promoting the later
development of aneuploid tumors in that manner, a
study of precancerous mammary glands was performed
in this system. As discussed above, both the bitransgenic
WAP-p53 172 R-H/WAP-TGF-a and the single-
transgenic WAP-TGF-a females develop mammary
tumors within approximately 100 days following the
surgical implantation of a pituitary isograft to stimulate
transgene expression, providing a reasonably short
window in which to look for early centrosomal
dysregulation induced by the p53 172 R-H transgene.
Isografts were given to additional groups of young
bitransgenic and WAP-TGF-a females, and also to
single transgenic WAP-p53 172 R-H and nontransgenic
(FVB) females for comparison. Mammary glands were
surgically excised from these groups of mice at de®ned
timepoints following isografting (15d, 30d, 45d, 60d,
and 90d) and analysed as above for centrosome
ampli®cation. The histology of some of these lesions
can be found at http://mammary.nih.gov/cgi-bin/
imaged±b/output.taf. Again, no abnormal centrosome
numbers were observed in any of the four groups of
mice, at any timepoint (K Murphy and J Rosen, 1999,
unpublished observations). These studies suggest that
while centrosome dysregulation is known to promote
genomic instability and tumorigenesis, it is not a
prerequisite for the development of aneuploid tumors
in the mouse mammary gland. However, we cannot
formally exclude the possibility that aberrant centro-
some duplication leading to genetic instability in a
subpopulation of cells may be occurring before the 15-
day timepoint in our studies. Most cells with an
aberrant number of centrosomes would be predicted
to undergo apoptosis following multipolar cell division,
but a few may survive, giving rise to a potentially
pretumorigenic subpopulation of cells that might not
have been detected in these assays.

Currently, there is much debate as to the precise
relationship between aberrant centrosome duplication
and aneuploidy. Our results with the p53 172 R-H
transgenic mice support the hypothesis that centrosome
ampli®cation does not necessarily precede the develop-
ment of aneuploidy. This is further supported by a
study of aneuploid mouse mammary tumors that arise
in hormonally-treated Balb/c mice that have had
syngeneic p53-null mammary epithelial cells trans-
planted into their cleared fat pads, which showed that
very few of these tumors had aberrant numbers of
centrosomes (D Medina, personal communication).
Conversely, in a NMU-induced rat mammary tumor
system, aberrant centrosome numbers are seen, but the
tumors are near-diploid (BR Brinkley, personal
communication). In contrast, when MCF7 (BR
Brinkley, personal communication) and MCF10A
(Zhou et al., 1998) cells are transfected with the
centrosome-associated kinase BTAK, centrosome
ampli®cation and aneuploidy are seen concurrently.
At present, it appears that centrosome ampli®cation
may neither be necessary nor su�cient to induce
aneuploidy, but that it does constitute one mechanism
by which aneuploidy may be initiated.

Figure 2 Tumor latency in pituitary isografted WAP-TGF-a,
WAP-TGF-a/WAP-p53 172 R-H, and WAP-TGF-a/WAP-172 R-
L female mice. The rapid (*100 days) mammary tumorigenesis
induced by the WAP-TGF-a transgene is not accelerated by the
WAP-p53 172 R-H transgene in the WAP-TGF-a/WAP-p53 172
R-H bitransgenic females. However, the WAP-p53 172 R-L
transgene almost completely eliminates mammary tumorigenesis
in the WAP-TGF-a/WAP-p53 172 R-L bitransgenic females,
indicating that the latter p53 transgene has a protective e�ect
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Recently it has been suggested that at least some
genomic instability is the result of failures in the DNA
repair pathway. Wild-type p53 has been reported to
interact with BRCA1 (Chai et al., 1999; Zhang et al.,
1998), BRCA2, and RAD51 (Marmorstein et al., 1998;
Sharan et al., 1997). Thus, this multiprotein complex
(Figure 3) may play an important role in DNA repair
(Chen et al., 1999; Patel et al., 1998; Zhang et al.,
1998). BRCA1 is also important for the cellular
responses to DNA damage that are mediated through
the hRad50-hMre11-p95 complex (Zhong et al., 1999).
BRCA1 is known to physically associate with
components of the RNA polymerase II general
transcriptional apparatus, suggesting a role in tran-
scriptional control and DNA repair (Chen et al., 1999)
especially as BRCA1 is accompanied by Rad51 when it
relocates to PCNA-positive replication sites following
hydroxyurea or low-dose UV treatment of cells (Chen
et al., 1999). Rad51 mutants fail to correctly repair
double-stranded DNA breaks (Shinohara et al., 1992).
BRCA1 is also required for transcription-coupled
repair of oxidative DNA damage (Gowen et al.,
1999). Fibroblasts derived from embryos carrying a
targeted exon 11 BRCA1 deletion have a defective G2/
M checkpoint, which is accompanied by extensive
chromosomal abnormalities. They also contain multi-
ple functional centrosomes, leading to unequal
chromosome segregation and aneuploidy (Xu et al.,
1999). BRCA1 is known to associate with the
centrosome during mitosis (Hsu and White, 1998).
Tumors carrying mutations in BRCA2 also show
complex chromosomal changes (Gretarsdottir et al.,
1998; Patel et al., 1998).

Wild-type p53 may itself play a direct role in DNA
repair. It is known to preferentially bind free DNA
ends, single-stranded DNA, short mismatched loops
and radiation damaged DNA, and it can reanneal
DNA strands (Donehower, 1997). It can also bind
DNA-repair associated proteins such as ERCC3, RPA,
XPB, and XPD and colocalize with them to sites of
DNA repair (Donehower, 1997). It is conceivable that
the 172 R-H mutant p53 protein may, therefore, be
promoting genomic instability at least partially through
disrupting the normal function of DNA repair
complexes (Figure 3). It has also been suggested that
mitotic checkpoint inactivation (such as that induced
by p53 175 R-H [Gualberto et al., 1998]) may
cooperate with BRCA2 de®ciency to promote tumor-
igenesis in humans (Lee et al., 1999), lending further
support to the hypothesis that disrupted interactions
between members of the BRCA1/BRCA2/Rad51/p53
complex may be integrally involved in mammary
tumorigenesis.

Potential gain-of-function mechanisms

As p53 is a multifunctional protein, the p53 gain-of-
function mutants may lose the ability to regulate
transcription of certain target genes involved in cell
cycle control and apoptosis, like p21 or Bax, that
require DNA binding, but still retain other functions
that require protein-protein interactions (Figure 3). The
latter may fall into several categories. First, interac-
tions with other transcription factors or co-activators
could lead to transcriptional activation from novel
promoters. It has recently been reported that p53

participates in transcriptional induction of the
GADD45 gene through an interaction with WT-1
bound to an Egr-1 site on the GADD45 promoter,
but not as a result of direct DNA binding by p53
(Zhan et al., 1998). Second, nonsequence-speci®c
interactions of the p53 carboxy-terminus with single-
stranded DNA or RNA could a�ect gene regulation.
For example, it has been reported that p53 mutants
can induce c-myc gene expression through an
interaction between the carboxy-terminal region of
p53, which possesses a single-stranded DNA and RNA
binding activity, and a region located at the exon 1/
intron 1 boundary of c-myc (Frazier et al., 1998). This
interaction may overcome the block to transcriptional
elongation known to occur in the c-myc gene. Finally,
nontranscriptional interactions such as those already
known to exist between wild-type p53 and centrosome
elements/microtubules (e.g., Brown et al. (1994)) could
a�ect mitotic ®delity and genomic stability in early

Figure 3 Di�erential functions of wild-type and mutant p53. (a)
Depicts transactivational and protein-protein interactions made
by wild-type p53, while (b) depicts the e�ect of the p53 172 R-H
mutant p53 on the same interactions. Dotted lines in (b) indicate
transactivational interactions that are no longer functional. We
hypothesize that the wild-type p53 protein contributes to DNA
repair after damage through its interaction with the BRCA1/
BRCA2/Rad51 complex, an interaction that may not be
functional when there are mutations in the p53 protein
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tumor development. These mechanisms may account
for the apparent `gain-of-function' and predisposition
to genomic instability that have been observed not only
in transgenic mice overexpressing WAP-172 R-H p53,
but also in cell culture systems.

Conclusions

Cancer initiation and progression are complex pro-
cesses involving many genetic and epigenetic factors.
One of the future goals of the National Cancer
Institute is the development of improved mouse
models to help elucidate the mechanisms underlying
these processes and for use in testing new diagnostic
and therapeutic regimens. In this regard, the WAP-p53
172 R-H transgenic model developed in our laboratory
is unique in that it consistently produces tumors
characteristic of high-grade breast adenocarcinomas.
This model should, therefore, serve as an excellent

system in which to study the mechanisms responsible
for genetic instability and may help identify those
factors that promote tumor progression and metastasis.
Finally, because mammary gland abnormalities are
rarely observed in this model in the absence of
carcinogen administration or oncogene co-expression,
this model should facilitate the identi®cation of earlier
genetic lesions.
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